Lysosomes are acidic organelles responsible for degrading both exogenous and endogenous materials. The small GTPase Arl8 localizes primarily to lysosomes and is involved in lysosomal function. In the present study, using Arl8b gene-trapped mutant (Arl8b 
| INTRODUCTION
Lysosomes are membrane-enclosed organelles containing various hydrolytic enzymes for degrading macromolecules (Luzio, Pryor, & Bright, 2007) . Lysosomal degradation is important in cell metabolism not only for catabolic processes but also for the regulation of intracellular signaling pathways. For example, failure of lysosomal degradation to down-regulate epidermal growth factor (EGF) signaling causes aberrant activation of the signaling pathway leading to expression of proliferative genes, which can facilitate tumor growth progression (Tomas, Futter, & Eden, 2014) . In developmental process, lysosomes are involved in controlling morphogen signaling: Transport of the Hedgehog/ Patched receptor complex to lysosomes is important for the formation of the morphogenic Hedgehog gradient (Gallet & Therond, 2005) . It is also proposed that endocytic traffic to lysosomes is responsible for interpretation of the FGF8 morphogen gradient within target tissues (Nowak, Machate, Yu, Gupta, & Brand, 2011) .
ADP-ribosylation factor-like 8 (Arl8) is the first small GTPase shown to localize primarily to lysosomes (Hofmann & Munro, 2006) . Studies using cultured cells and Caenorhabditis elegans (C. elegans) have shown that Arl8 regulates lysosomal trafficking along microtubules and lysosomal fusion with endosomes/phagosomes (Garg et al., 2011; Nakae et al., 2010; Pu et al., 2015; Rosa-Ferreira & Munro, 2011; Sasaki et al., 2013) . Arl8 also regulates synaptic vesicle transport along microtubules in C. elegans neurons (Niwa et al., 2016; Wu, Huo, Maeder, Feng, & Shen, 2013) . There are two highly conserved homologous Arl8 isoforms (Arl8a and Arl8b) in mammals. We have recently shown that Arl8b mediates lysosomal degradation of maternal proteins in the visceral yolk sac endoderm (VYSE) to provide the breakdown products to the embryo, thereby contributing to mouse embryonic growth (Oka et al., 2017 ). Yet, the physiological role(s) for Arl8b during embryogenesis is not completely understood.
In this study, using Arl8b gene-trapped mutant (Arl8b −/− ), we found that Arl8b is required for mouse brain development. Arl8b −/− embryos showed severe defects in dorsal neural structures, including the thalamus and hippocampus at embryonic day (E) 12.5. In Arl8b −/− embryos, the development of the neural fold, which gives rise to the roof plate, was defective. In E9.0 Arl8b −/− embryos, accumulation of Bmp receptor IA and increased phosphorylation of Smad1/5/8 were observed in the neural fold, whereas Wnt, Fgf and Shh signaling pathways appeared to be unaffected. Collectively, these results suggest that Arl8b contributes to neural fold development in mouse embryos possibly by down-regulation of BMP signaling.
| RESULTS

| Ablation of Arl8b results in aberrant brain development
To investigate the in vivo role of Arl8b, we generated an Arl8b gene-trap mouse line in which β-geo was inserted into the intron 1 of Arl8b (Figure 1a,b) . Homozygotes for the Arl8b gene-trap allele died around birth for unknown reasons: Although homozygotes for the Arl8b gene-trap allele were present at an almost normal Mendelian ratio at E10.5, there were no viable homozygotes for the mutant allele after postnatal day 7 (Table 1 ). The penetrance of the lethal phenotype was higher in the C57BL/6J background (Table 1) compared to the C57BL/6N background . Arl8b protein was not detected by Western blotting in embryonic day (E) 10.5 embryos homozygous for the Arl8b genetrap allele, indicating that the gene-trap insertion resulted in a null mutation of Arl8b (hereafter referred to as Arl8b −/− ; Figure 1c ). The expression level of Arl8a was similar among wild-type, heterozygous mutant (Arl8b +/− ) and Arl8b −/− embryos at E10.5 ( Figure 1c ). Arl8b −/− embryos showed accumulation of Lamp1 (lysosomal-associated membrane protein 1)-positive vesicles on the apical side (where microtubules are oriented with their minus-ends directed; Figure S1 ), which is consistent with previous studies showing the role of Arl8b for plus-end-directed trafficking of Lamp1-positive vesicles along microtubules (Hofmann & Munro, 2006; Pu et al., 2015; Rosa-Ferreira & Munro, 2011) . Arl8b −/− embryos displayed growth retardation phenotypes with small body size (Figure 1d -g, Oka et al., 2017) and hypoplasia of the brain (Figure 1h -m). The brain phenotypes were reproducibly observed and had high penetrance (100%, three or more individuals for each experiment) and constant expressivity. Arl8b +/+ and Arl8b +/− embryos displayed no apparent morphological abnormality (not shown); therefore, they were used as controls in the subsequent experiments. In the present study, we focus on defective brain development in Arl8b −/− embryos. Histological analysis using HE-stained coronal sections showed that the thickness of the roof plate (shown by boxed areas in Figure 1n ,o) was reduced in E10.5 Arl8b −/− embryos compared to control embryos (Figure 1t ,u).
E12.5 Arl8b −/− embryos displayed microphthalmia, anophthalmia and hypoplasia of the ganglionic eminence ( Figure  1p ,r). The dorsal midline in the diencephalon of E12.5 Arl8b −/− embryos was thicker than that of control embryos (Figure 1v, w) . Thalamic and hippocampal structures, which develop from the dorsal neural tube (Chizhikov & Millen, 2005) , were also thickened in Arl8b −/− embryos at E12.5 (Figure 1q ,s). These results suggest that Arl8b plays crucial roles in brain development during mouse embryogenesis. Figure 1v ,w), we first examined cell death and proliferation in the E10.5 dorsal neural tube. Although apoptotic cells marked by cleaved caspase 3 (AC3) or TUNEL staining were frequently observed along the dorsal midline in control embryos (Figure 2a,b,e; Bach et al., 2003) , apoptotic signals were diminished in the dorsal midline of Arl8b −/− embryos at E10.5 (Figure 2c,d,f) . In control embryos at E10.5, the dorsal midline contained fewer proliferating EdU-positive cells than the surrounding regions (Figure 2g,i) . The "EdUnegative streak" in the dorsal midline was not observed in Arl8b −/− embryos (Figure 2h,j) , raising the possibility that development of the midbrain roof plate is affected in Arl8b −/− embryos. Indeed, gene expression patterns in the midbrain roof plate were abnormal in Arl8b −/− embryos:
|
Genes to Cells
Although the expression level of the transcription factor Sox1 in the roof plate was lower than that in the adjacent neuroepithelial cells in control embryos ( Figure 2k ; Lee et al., 2013) , Sox1 expression was comparable in both regions in Arl8b −/− embryos ( Figure 2l ). In addition, the expression level of the transcription factor Sox9 (an early marker of prospective neural crest (Gammill & Bronner-Fraser, 2003) ) decreased in the roof plate of Arl8b −/− embryos at E10.5 (Figure 2m ,n). Likewise, expression levels of other midline marker genes, namely growth differentiation factor 7 (Gdf7) and msh homeobox1 (Msx1; arrows in Figure 2o ,q), were weaker and absent, respectively, in the dorsal midline of the midbrain of Arl8b −/− embryos (arrows in Figure   2p ,r). Expression level of Wnt1, which is essential for dorsal patterning of the neural tube (Muroyama, Fujihara, Ikeya, Kondoh, & Takada, 2002) , was diminished in the prosomere 1 (P1) of diencephalon and midbrain ( Figure S2 ). We then assessed the ventral brain at E10.5 to investigate whether Arl8b-ablation affects also ventral regions of the brain during early development. We observed no apparent differences in the expression patterns of Nkx2-1 (expressed in the ventral part of the forebrain) or Pax6 (expressed in the region dorsal to the Nkx2-1-positive area) between control and Arl8b −/− embryos (Figure 2s-x) . In addition, we also assessed the brain patterning along the anterior-posterior axis in Arl8b −/− embryos at E10.5. We observed no apparent changes in the expression patterns of Pax6 (a forebrain marker), Barhl2 (a diencephalon marker), and Engrailed 2 (a hindbrain marker; Figure S3 ). These results suggest that loss of Arl8b results in defective roof plate development at the diencephalon and the midbrain of E10.5 embryos, although we cannot totally rule out the possibility that loss of Arl8b affects the ventral patterning and the brain patterning along the anterior-posterior axis.
| Aberrant neural fold development in E9.0 Arl8b −/− embryos
As the roof plate is formed by fusion of the neural fold (Lee & Jessell, 1999 ; Figure 3a ), we investigated development of the cranial neural fold. The expression level of Sox1 in the midbrain neural fold cells of control embryos (E9.0) was lower than that in the neighboring neuroepithelial region ( These results suggest that the development of the cranial neural fold is defective from E9.0 in Arl8b −/− embryos.
| Perturbation of BMP signaling in E9.0
Arl8b −/− embryos
Several signaling pathways such as Wnt, Shh, FGF and BMP pathways contribute to specification of the neural plate, which is essential for neural fold development (Betancur, BronnerFraser, & Sauka-Spengler, 2010; Patthey & Gunhaga, 2011; Wessely & De Robertis, 2002) . We thus investigated the effect of loss of Arl8b on these signaling pathways. We observed no apparent differences in the expression patterns of of Msx1 (a BMP-regulated gene) was reduced in the dorsal midline of Arl8b −/− embryos (Figure 2n) , we analyzed the expression of BMP signaling components. The expression patterns of Bmp2, Bmp4 and Bmp7 were similar between control and Arl8b −/− embryos (Figure 5a-f) . Noggin, a BMP antagonist required for the formation of a gradient of BMP signaling activity in the neural plate (Jones & Smith, 1998; Thomsen, 1997) , was also similarly expressed in the neural fold of control and Arl8b −/− embryos (Figure 5g Figure S4 ). This result suggests that BMP signaling leading to phosphorylation of Smad1/5/8 was rather enhanced in E9.0 Arl8b −/− embryos. To examine the possibility that deficiency of Arl8b causes enhanced BMP signaling, we checked the BMP-induced transcriptional responses using dissociated NPCs with a BMP-responsive luciferase reporter (Korchynskyi & ten Dijke, 2002) . We found that Bmp4-dependent transcriptional activity was higher in the NPCs prepared from Arl8b −/− embryos compared to that of control embryos (Figure 5o,p) . These results suggest that BMP signaling is aberrantly activated in the neural fold of Arl8b −/− embryos, which may lead to defective cranial roof plate development at later stages.
| DISCUSSION
The present study shows that ablation of Arl8b −/− caused defective brain development. Especially, neural fold development and the subsequent roof plate formation were impaired in Arl8b −/− embryos (Figures 2 and 3 ). In addition, abnormal accumulation of Bmp receptor IA and up-regulation of Smad1/5/8 phosphorylation were observed in the neural fold of Arl8b −/− embryos ( Figure 5 ).
Msx1 is a target gene of the BMP signaling pathway and involved in the roof plate development (Furuta, Piston, & Hogan, 1997; Tribulo, Aybar, Nguyen, Mullins, & Mayor, 2003) . As the expression level of Msx1 was decreased in the roof plate of Arl8b −/− embryos, we expected that BMP signaling would be reduced in Arl8b −/− embryos. However, unexpectedly, both immunohistochemical analysis of pSmad1/5/8 and the BMPresponsive reporter assay suggested that BMP signaling was up-regulated in the absence of Arl8b. One possible explanation for this apparent contradiction is that Msx1 expression is induced by an "intermediate", but not "weak" or "strong," level of BMP signaling in vivo (Tribulo et al., 2003 ). Importance of an intermediate level of BMP signaling is also proposed in neural crest specification (Schumacher, Hashiguchi, Nguyen, & Mullins, 2011 ). Thus, the excessive level of BMP signaling in Arl8b −/− embryos might fail to induce Msx1 expression. Alternatively, considering that a medial-low/lateral-high gradient of BMP signaling is required for the specification of the neural border (Milet & Monsoro-Burq, 2012; Patthey & Gunhaga, 2011) , loss of Arl8b may perturb a BMP signaling pattern, which leads to defects in the neural border specification and the subsequent neural fold and roof plate development. The affected neural fold of Arl8b −/− embryos may have thus lost competency to undergo BMP signaling-dependent events such as induction of Msx1 expression and apoptosis. It is also possible that signaling pathway(s) other than BMP signaling is affected in Arl8b −/− embryos, resulting in disturbed development of the neural fold. Indeed, the neural fold development is controlled by the combined action of several signaling pathways such as Wnt, Shh and FGF besides BMP pathways (Betancur et al., 2010; Patthey & Gunhaga, 2011; Wessely & De Robertis, 2002) . Further analysis is required to unveil the molecular mechanism underlying the defective neural fold development in Arl8b −/− embryos.
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The cause of up-regulation of Smad1/5/8 phosphorylation in Arl8b −/− embryos remains to be determined. BMP receptors are endocytosed upon ligand stimulation and transported to lysosomes to be degraded (Ehrlich, 2016; Hartung et al., 2006) . As Arl8b regulates kinesin-dependent lysosomal motility along the microtubule (Pu et al., 2015; Rosa-Ferreira & Munro, 2011) and is involved in trafficking of endocytosed macromolecules to lysosomes (Garg et al., 2011; Nakae et al., 2010) , loss of Arl8b may lead to defective endocytic traffic of BMP receptors to lysosomes, which impairs lysosomal degradation of BMP receptors, thereby increasing the level Genes to Cells
of endocytosed BMP receptors. As previous studies indicate that endocytosed BMP receptors can phosphorylate the Smad proteins on endosomes (Murphy, 2007; Shi et al., 2007) , accumulated BMP receptors on endosomes may increase the phosphorylation level of the Smad proteins, thereby causing the up-regulation of BMP signaling. In this regard, it should be noted that ablation of Vps41/Vam2, an Arl8-interacting molecule, also causes up-regulation of BMP signaling (Aoyama et al., 2012) . Vps41/Vam2 is a subunit of the homotypic fusion and vacuolar protein sorting (HOPS) complex, which functions as a tethering factor for vacuole/lysosome fusion (Bröcker et al., 2012) . Hyperactive BMP signaling is observed in the embryonic fibroblasts and visceral endoderm cells of Vps41/Vam2-knockout mice (Aoyama et al., 2012) . Vps41/Vam2 is thus proposed to act to silence BMP signaling via lysosomal degradation of endocytosed BMP signaling components (Bmp4 and Bmp type I receptors). Therefore, Arl8b may cooperatively function with Vps41/Vam2 to promote lysosomal degradation of BMP signaling components in neuroepithelial cells. However, considering that the primitive streak stage Arl8b −/− embryos did not show the severe phenotype that was observed in the Vps41/Vam2-knockout mice (data not shown), it is assumed that BMP signaling is not so hyperactivated in earlier primitive streak stage in Arl8b −/− embryos as in the Vps41/Vam2-knockout mice.
Alternatively, the hyperactive BMP signaling in Arl8b −/− embryos may be caused by an unknown mechanism other than defects in down-regulation (lysosomal degradation) of BMP receptors. Further analysis is required to show the molecular mechanism underlying the apparent augmentation of BMP signaling in Arl8b −/− embryos.
We have previously shown that Arl8b is required for lysosomal degradation of maternal proteins in the VYSE, an apical cell layer of the visceral yolk sac of mouse embryos (Oka et al., 2017) . Ttr-Cre;Arl8b flox/flox mice, where Arl8b is depleted specifically in the VYSE but not in embryonic proper, display growth retardation phenotype. However, the conditional knockout mice embryos show no apparent defects in the development of neural fold with normal pattern of apoptosis in the roof plate (data not shown). Thus, loss of Arl8b in embryonic proper would be involved in the brain development abnormalities of Arl8b −/− embryos, although we cannot rule out the possibility that simultaneous loss of Arl8b in both the VYSE and embryonic proper might be responsible for the brain phenotype.
In conclusion, the present study provides the first genetic evidence that Arl8b is essential for the brain development and regulation of BMP signaling in mouse embryos. Understanding the molecular mechanisms underlying the regulation of lysosomal functions by Arl8b will provide deeper insights into how lysosomes contribute to the control of morphogen signaling pathways and also how lysosomal malfunction leads to diseases such as neurodegenerative disorders.
| EXPERIMENTAL PROCEDURES
| Mouse strain
A gene-trap ES cell line (MMRRC, SIGTR ES cell line AK0793), in which a fusion gene of lacZ and neo r (β-geo)
is inserted in the intron 1 of Arl8b, was used to generate heterozygous Arl8b mutant mice. The heterozygous mutant mice were then backcrossed to C57BL/6J (CREA Japan) for at least for 12 generations.
| PCR genotyping
Mice were genotyped by PCR using the following primers. Pr1 [wild type (WT, +) and trapped alleles (−), forward], 5′-CCAGTTGTATTTGCTGCGGAG-3′; Pr2 (WT, reverse), 5′-AACACTTCCCTCCTCCTCCT-3′; Pr3 (−, reverse), 5′-TTCTTTGGTTTTCGGGACCTGG-3′. The PCR products from WT and trapped alleles were 287 and 440 bp, respectively. 
| Western blotting
Embryos were lysed in Laemmli sample buffer. Samples were separated by polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes (Millipore). After blocking nonspecific binding sites in 5% skimmed milk, the membranes were incubated with primary antibodies at room temperature (RT) for 30 min, washed with Tris-buffered saline (TBS) containing 0.2% Tween-20 and incubated with secondary antibodies conjugated with peroxidase. Immunosignals were detected using an LAS4000 mini biomolecular imager (Millipore).
| Histology
Mouse embryos were collected from timed pregnancies, washed in ice-cold PBS and fixed in 4% paraformaldehyde (PFA, Millipore, 
| Analysis of cell proliferation and cell death
To detect cell proliferation in whole-mount embryos, 5-ethynyl-2′-deoxyuridine (EdU) was injected into pregnant mice by intraperitoneal administration (i.p.) at 50 mg/kg body weight. Thirty minutes after injection of EdU, the embryos were fixed with 4% PFA (Chehrehasa, Meedeniya, Dwyer, Abrahamsen, & Mackay-Sim, 2009; Zeng et al., 2010) , dehydrated in a 25%-100% ethanol series and stored at −20°C in 100% ethanol. For use, the embryos were rehydrated in PBS containing 0.1% Tween-20. 
| Antibodies and nuclei staining reagents
Primary antibodies: The rabbit anti-Arl8a/b polyclonal antibody (Okai et al., 2004) , BMP receptor IA (Goat Polyclonal, R&D systems AF346, 1:100), cleaved caspase-3 (rabbit monoclonal, Cell Signaling #9664, 1:500), glyceraldehyde-3-phosphate dehydrogenase (mouse monoclonal, Millipore #MAB374, 1:1,000), Pax7 (mouse monoclonal, Developmental Studies Hybridoma Bank, University of Iowa, 1:100), phospho-Smad1/5 (rabbit monoclonal, Cell Signaling #9516, 1:200), Sox1 (goat polyclonal, R&D systems AF3369, 1:100), Sox9 (rabbit polyclonal, Millipore #AB5535, 1:1,000) and Alexa Fluor-conjugated secondary antibodies (Invitrogen, 1:500). Nuclei were visualized using Hoechst 33342 (Molecular Probes H3570, 1:1,000) or DRAQ5 (BioStatus DR50050, 1:1,000).
| Whole-mount in situ hybridization
Whole-mount RNA in situ hybridization was carried out as previously described (Lewandoski, 2014) . The following 
| Statistical analysis
The data of luciferase assay were analyzed using one-way ANOVA with Tukey's post hoc test. A value of p < 0.05 was considered significant.
| Microscopy
Bright-field images were acquired using a Leica MZ16F stereomicroscope and a DC480 camera. Fluorescence images were obtained using an AF6000 DMI6000B inverted microscope with a DFC350 FX camera (Leica), TCS SP5 (Leica), TCS SP8 (Leica) or LSM 700 (Zeiss). If necessary, the acquired images were processed using Leica AF lite, Zeiss Zen, ImageJ or Adobe Photoshop CC software.
